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I .  INTRODUCTION 


The  geometry  of  muzzle  devices  varies  with  the  particular  appli- 
cation of  interest;  however,  a baffle  placed  perpendicular  to  the  flow 
axis  is  common  to  a mimber  of  practical  configurations.  The  muzzle 
brake,  typified  in  Figure  la,  consists  of  a series  of  such  baffles 
which  utilize  the  momentum  of  the  exhausting  propellant  gases  to 
generate  a counter-recoil  force.  Having  a similarity  to  muzzle  brakes. 
Figure  lb,  sabot  deflectors  intercept  sabot  fragments  very  close  to 
the  muzzle  thereby  reducing  the  hazard  to  friendly  operations.  Blast 
suppressors  and  silencers.  Figure  Ic,  are  designed  with  a series  of 
baffled  compartments  permitting  internal  expansion  of  the  propellant 
gases  prior  to  ejection  into  the  atmosphere.  Due  to  the  necessity  of 
attaching  the  muzzle  device  to  the  weapon,  its  geometry  is  not  always 
axially  symmetric.  Obviously,  the  struts  on  the  upper  and  lower 
surfaces  of  the  muzzle  brake.  Figure  la,  destroy  the  symmetry  of  the 
baffle;  however,  the  blast  suppressor  baffles  are  contained  in  a 
cylindrical  housing  and  maintain  symmetry.  The  present  report  describes 
the  results  of  a test  program  on  a circular  plate  placed  in  the  muzzle 
flow  of  a 20mm  gun.  While  this  test  bed  is  highly  simplistic,  it  pro- 
vides a representation  of  the  basic  baffle  concept  which  is  both 
experimentally  and  theoretically  attractive. 

Oswatitsch^  and  Smith^»^  consider  axially  symmetric  baffles 
simulating  muzzle  brakes.  Their  analyses  assume  that  the  muzzle 
exhaust  flow  impinging  on  the  baffle  may  be  treated  in  a quasi -steady 
manner.  This  approximation  is  valid**'^  in  describing  properties 


1.  K.  Oswatitsah,  "Flaw  Besearah  to  Improve  the  Effioienoy  of  Muzzle 
Brakes^  Farts  J- JJJ, " in  Muzzle  Brakes,  Volyme  II:  Theory, 

E.  Hammer  (ed.)j  Franklin  Institute^  Philadelphia,  PAj  1949, 

2.  F,  Smithj  "Model  Experiments  on  Muzzle  Brakes,"  RARDE  R 2/66, 
Royal  Armament  Research  and  Development  Establishment, 

Fort  Halstead,  U.K.,  1966.  AD  487  121. 

3.  F.  Smith,  "Model  Experiments  on  Muzzle  Brakes,  Part  III:  Mea- 

surement of  Pressure  Distribution, " RARDE  R 3/68,  Royal  Armament 
Research  and  Development  Establishment,  Fort  Halstead,  U.K., 

1968.  AD  845  619. 

4.  E.  M.  Schmidt  and  D.  D.  Shear,  "Optical  Measurements  of  Muzzle 
Blast,"  AIAA  J.,  Vol.  13,  No.  8,  August  1975,  pp.  1086-1091. 

5.  K.  Oswatitsch,  "Intemediate  Ballistics, " DVL  R 358,  Deutschen 
Versuchsanstalt  fiXr  Luft-und  Raumfa'nrt,  Aachen,  Germany, 

June  1964.  AD  473  249. 


within  the  supersonic  core  of  the  propellant  gas  jet.  Figure  2.  Since 
the  muzzle  device  is  immersed  in  the  core  flow  over  most  of  its  period 
of  effectiveness,  the  results  of  quasi-steady  analyses  agree  with  gross 
measurements  of  recoil  reduction  obtained  in  ballistic  pendulums. 

This  approach  has  a serious  shortcoming  in  that  no  information  is 
provided  on  conditions  within  the  shoch  layer.  Since  maximum  gas- 
dynamic  loadings  are  generated  by  impingement  of  the  blast  wave  upon 
baffle  surfaces,  the  unsteady  processes  must  be  addressed  in  designing 
for  the  ultimate  strength  of  the  device. 
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Recently,  investigators  have  applied  numerical  techniques  to 
the  calculation  of  the  time -dependent  muzzle  flow.  Their  results 
agree  qualitatively  with  the  limited  data  available  describing  the 
free  field  muzzle  blast  development.  Some  extensions^' ’ of  these 
approaches  have  been  attempted  to  examine  the  flow  over  muzzle  devices; 
however,  since  the  models  are  currently  restricted  to  the  treatment 
of  two-dimensional  (axisymmetric)  flow  fields,  the  muzzle  devices 
considered  are  simple,  unsupported  baffles  placed  in  the  flow.  The 
similarity  between  the  computational  and  present  test  geometries  is 
obvious. 

This  report  describes  an  experimental  program  conducted  on  a 
muzzle  brake  on  a 20mm  gun.  To  provide  data  for  comparison  with 
numerical  models,  the  muzzle  brake  is  restricted  to  a highly  simplistic, 
axially  symmetric  geometry.  Both  optical  and  pressure  measurements 


6,  R,  M.  Traaij  J.  L,  FarPj  and  C,  Y,  Liuy  "A  Rumevi-aal  Method  for 
the  Simulation  of  Muzzle  Gas  Flou>s  with  Fixed  and  Moving 
Boundaries BRL  CR  161^  U.  S,  Army  Ballistic  Research  Laboratory j 
Aberdeen  Proving  Ground^  MDj  June  1974,  AD  784144, 

7,  F,  H,  MaillCi  "Numerical  Calculation  of  a 105mm  Gun  Blast  with 
Projectile, " NWL  TR  3002,  U,  S,  Naval  Weapons  Laboratory,  Dahlgren, 
VA,  August  1973,  AD  770818, 

8,  T,  D,  Taylor,  "Calculation  of  Muzzle  Blast  Fields,"  PA  R 4155, 
Picatirmy  Arsenal,  Dover,  NJ,  December  1970,  AD  881523L, 

9,  C,  K,  Zoltani,  "Calculation  of  the  Muzzle  Flow  Field  of  the  155rm 
Howitzer  M-109,"  BRL  R 1901,  U,  S,  Army  Ballistic  Research 
Laboratory,  Aberdeen  Proving  Ground,  MD,  August  1976,  AD  B012935L, 

10,  F,  H,  Maille,  "Finite  Difference  Calculations  of  the  Free-Air 
Blast  Field  About  the  Muzzle  and  a Simple  Muzzle  Brake  of  a 
lOSrni  Howitzer, " NWL  TR  2938,  U,  S.  Naval  Weapons  Laboratory, 
Dahlgren,  VA,  May  1973, 
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were  taken  of  t}ie  initial,  highly  unsteady  flow  and  the  subsequent 
relaxation  to  quasi -steady  conditions.  The  latter  data  are  used  to 
examine  the  applicability  of  the  steady  flow  approximations*”^  to  a 
real  gun  environment. 


II.  INSTRUMENTATION  AND  TEST  PROCEDURE 

The  test  set-up  is  shown  in  Figures  3 and  4.  The  weapon  used  in 
these  experiments  is  a 20mm  cannon  which  had  previously  undergone 
extensive  testing  to  measure  its  muzzle  exit  conditions**.  To 
maintain  the  symmetry  of  the  flow,  the  muzzle  brake  is  a circular  steel 
plate  mounted  separately  from  the  gun  but  aligned  with  its  axis  of 
symmetry  coincident  to  gun  axis.  Both  the  gun  and  brake  are  rigidly 
mounted  in  order  to  maintain  their  relative  geometry  during  the  firing 
process. 

The  gun  has  a barrel  length  of  1.52m,  a chamber  volume  of 
4.17  X 10“^  m^,  and  a twist  of  rifling  of  one  turn  in  25  calibers. 

The  projectile  is  an  M55A2  training  round  weighing  0.098  kg  and  having 
a length  of  3.75  calibers.  A charge  of  0.0178  kg  of  WC870  propellant 
is  used  to  launch  the  projectile  at  a velocity  of  610  m/s.  The  pro- 
pellant gas  properties  behind  the  projectile  just  prior  to  shot 
ejection  are  measured**  to  be 

Uj^  = 610  m/s 

a^^  = 700  m/s 

= 127 

This  flow  is  subsonic;  thus,  at  shot  ejection,  an  expansion  wave 
propagates  back  up  the  gun  tube  accelerating  the  propellant  gases  to  a 
sonic  exit  condition: 

* ir 

u = a = 691  m/s 
P /Poo  = 111 

The  muzzle  brake  is  fabricated  from  steel,  has  a thickness  of 
0.031m,  and  a diameter  of  0.457m.  To  permit  passage  of  the  projectile, 
a 24mm  hole  is  machined  at  the  center  of  the  plate.  Six  pressure  taps 


11.  E.  M.  Sahmidtj  E.  J.  Gioriy  and  D,  D,  Shear,  "Aaoustia  Thermometria 
Measurements  of  Propellant  Gas  Temperatures  in  Guns,"  AIAA  J., 

Vol.  15,  No.  2,  February  1977,  pp.  222-226. 
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are  located  along  a radial  line  on  the  brake  surface.  The  first  gauge 
is  20mm  from  the  axis  of  symmetry,  and  the  others  are  set  at  10mm 
intervals.  The  pressure  gauges  are  Kistler  603A  and  201B  piezoelectric 
transducers.  Signals  are  recorded  on  Tektronix,  type  551,  dual  beam 
oscilloscopes.  The  flow  field  development  along  the  brake  surface  is 
recorded  using  a spark  shadowgraph  technique**.  The  position-time 
history  of  the  projectile  is  measured  using  two  X-ray  photography 
stations  located  immediately  downrange  of  the  muzzle  brake.  The  X-ray 
data  are  used  to  relate  all  of  the  results  to  a common  time  base,  i.e., 
time  zero  is  defined  as  occurring  when  the  projectile  obturator 
(located  9mm  forward  of  the  base)  crosses  the  muzzle  exit  plane.  * 


III.  RESULTS 

Plots  of  overpressure  versus  time  for  seven  axial  locations 
(0,5  < X/D  < 8.0)  of  the  muzzle  brake  are  presented  in  figures  5a-5g. 

The  general  properties  of  the  traces  are  similar.  The  initial  rapid 
increase  in  pressure  is  interpreted  as  corresponding  to  the  arrival 
and  reflection  of  the  air  blast  at  the  particular  station.  Continued 
expansion  of  the  blast  along  the  brake  surface  and  back  into  the  muzzle 
jet  permits  the  pressure  level  to  decay  from  the  peak  reflected  value. 
During  this  period  of  decay,  the  propellant  gas  flow  arrives  at  the 
brake  surface.  The  propellant  gases  are  deflected  by  the  brake  and 
forced  either  to  expand  radially  outward  along  the  plate  or  to  flow 
inward  and  exit  through  the  projectile  hole.  The  highly  transient 
portion  of  this  process  lasts  only  for  50-100  microseconds,  after 
which  the  pressure  levels  reach  and  maintain  a "steady-state"  value. 

This  corresponds  to  the  establishment  of  a quasi-steady  propellant 
gas  flow  field  over  the  muzzle  brake.  Changes  in  this  flow  occur 
relatively  slowly  as  the  gun  tube  empties. 

Spark  shadowgraphs  of  the  muzzle  flow  for  firings  at  a brake  station 
of  X/D  = 6.0  are  presented  in  Figure  6.  Interaction  between  the 
precursor  flow*  and  the  propellant  gas  flow  is  clearly  indicated. 

Figure  6b.  This  permits  the  propellant  gases  to  accelerate  rapidly  in 
the  forward  direction  due  to  tlie  existence  of  an  established  flow  field. 
As  a result,  the  air  blast  is  not  spherical  but  has  a bubble  or  bulge 
to  the  front.  At  certain  gauge  stations,  arrival  of  this  bifurcated 
shock  would  produce  multiple  pressure  pulses.  Additionally,  the  pro- 
pellant gas  flow  following  this  blast  is  seen  to  be  quite  complex. 

A strong  shock  is  formed  at  the  base  of  the  projectile.  This  shock 
follows  the  round  up  to  the  plate  surface.  The  lateral  or  "barrel" 
shock  structure  of  the  propellant  gas  jet  are  of  a mixed  type,  with 
both  weak  and  strong  oblique  shocks  being  apparent.  As  the  flow 
processed  by  these  different  shocks  passes  a given  station,  rapid 
changes  in  local  flow  conditions  would  be  anticipated.  Unfortunately, 

*This  is  the  flow  field  established  when  the  air  in  the  gun  tube  ahead 

of  the  projeatile  is  forced  out  prior  to  shot  ejection. 
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only  a single  photograph  was  taken  of  eac)i  firing;  therefore,  it  is  not 
possible  to  make  an  exact  comparison  between  observed  discontinuities 
in  the  shadowgraphs  and  measured  pressure  pulses.  However,  the  various 
flow  features  shown  in  Figure  6 indicate  that  some  of  the  wiggles  in  the 
pressure  data  are  real. 

Two  values  of  pressure  are  of  particular  interest,  the  maximum 
pressure,  p^,  and  the  steady  state  pressure,  p^.  Figures  7a-7g.  Both 

show  similar  variations  with  muzzle  brake  and  gauge  location.  At  a 
given  axial  location  of  the  brake,  there  is  an  obvious  decay  of 
pressure  in  the  radial  direction.  The  radial  pressure  decay  occurs 
more  rapidly  for  brake  positions  near  the  muzzle  than  further  out. 

This  is  due  to  the  relative  geometry  of  the  flow  fields  and  the  plate. 
Both  the  blast  and  propellant  gas  jet  tend  to  be  roughly  spherically 
symmetric*** while  the  plate  is  a planar  surface  intercepting  radials 
of  this  flow  as  shown  in  a sectional  view.  Figure  8.  Using  a Newtonian 
approximation^^  leads  to  a cos% variation  of  the  surface  pressure, 
where  6 is  the  angle  between  a normal  to  the  plate  surface  and  a flow 
radial.  For  a plate  of  height  h the  variation  of  cos%  across  the 
face  of  the  plate  is 

1.0  > cos“  e > 1/(1+  ^), 

X 

and  is  shown  in  the  lower  part  of  Figure  8.  Near  the  muzzle,  the 
range  in  h/X  and  cos^  is  large,  e.g.,  for 

X/D  s 1.0, 

1.0  < h/X  < 3.5, 

0.5  > cos'"  0 > 0.075. 

However,  further  from  the  weapon,  this  is  no' longer  true,  e.g.,  for 

X/D  = 8.0, 

0.125  < h/X  < 0.438, 

0.985  > cos‘  0 > 0.839. 


22.  tJ.  I.  Erdos  and  P,  Del  Guidzae^  "Calculation  of  Muzzle  Blast  Flow- 
fields,"  AIAA  J.,  Vol,  l?j  No,  8,  August  1975,  pp.  1048-1055. 

13,  D,  y.  Eastman  and  L.  P.  Eadtke,  "Flow  Field  of  an  Exhaust  Plunge 
Impinging  on  a Simulated  Lunar  Surface,"  AIAA  P.,  Vol.  1,  No,  6, 
June  1963,  pp.  1430-1431. 


This  t>'pc  of  behavior  is  reflected  in  the  measured  pressure  variations. 

In  examining  the  radial  variation  of  steady  state  pressure,  it  is 
interesting  to  note  that  for  axial  brake  locations  of  0.5  < X/D  < 2.0, 
the  plate  surface  pressure  drops  below  atmospheric  pressure.  Similar 
behavior  has  been  observed  in  steady  jets  impinging  upon  planar 
surfaces ^ ^ ^ . Iliis  pressure  decay  is  due  to  radial  expansion  of  the 
deflected  propel 'ant  guises.  Carling  and  Hunt  ^ /indicate  the  flow  along 
the  surface  is  accelerated  to  supersonic  conditions,  overexpands  to  sub- 
atmospheric  coi\ditious,  and  experiences  pressure  recovery  through  a 
series  of  shock  waxes.  In  the  present  data,  overexpansion  is  observed; 
however,  the  radial  extent  of  pressure  transducers  was  not  sufficient 
to  detect  shock  recovery  to  ambient  pressure  levels.  For  practical 
applications,  the  outermost  limit  of  transducers,  r/l)  = 3.5,  is  beyond 
the  extreme  dimensions  of  most  real  muzzle  brakes.  While  weight 
restricts  the  size  of  actual  muzzle  devices,  the  present  data  indicate 
an  additional  dimensional  constraint  due  to  tlie  flow  behavior:  increased 
size  could  produce  reduced  efficiency  due  to  overexpansion  of  the  flow 
within  the  brake.  Tliis  point  was  noted  by  Oswatitsch'  in  his  analysis 
of  optimum  brake  design. 

At  X/D  = 6.0  and  8.0,  Figures  2f  and  7g,  the  maximum  pressure 
profiles  across  the  plate  do  not  show  monotonic  deca>'  with  radial 
location.  This  behavior  is  interpreted  as  arising  from  procursor- 
propellant  gas  interaction.  As  discussed  previously,  the  main  blast 
wave  develops  a "bubble"  in  the  downrange  direction.  Near  the  axis 
of  s)'mmetr>',  the  bubble  reflects  from  the  plate,  F\ivt)ier  away,  the 
main  blast  is  reflected  and  appears  as  tlie  secondary  increase  in 
surface  pressure  r/l'  = 2.0  in  botli  plots).  For  muzzle  brake 
stations  closer  to  the  muzzle,  the  shock  bubble  I'.as  not  formed  and 
only  the  main  blast  is  observed. 

Both  p and  p reach  peak  values  for  brake  axial  locations 

between  1.0  < X/D  < 2.0.  Further  increase  in  X/D  results  in  a 
steady  decay  of  botl:  pressure  levels.  Again,  this  is  due  to  radial 
expansion  of  t)ie  flow  nmi  agrees  with  both  blast  and  jet  theories. 

To  illustrate  this  agreement,  consider  the  variation  in  p ; In 

Figure  9 steady  state  iiressure  at  the  first  gauge  station,  r/D  = 1.0, 
is  plotted  against  X'l’.  The  measurements  are  compared  with  the 


14,  J,  C.  Carling  and  B.  L.  Hunt,  "The  Near  Wall  Jet  of  a Ncmallu 
Impinging , Uniform,  Aaisyrmetria,  Supersonic  Jet,  " JFM,  Vol,  66, 
Part  1,  1974,  pp.  159-176. 


15. 


S.  Hoffman,  "Normal  Irmpan^iement  Loads  due  to  Small  Air  Jets 
Issuin,:  from  j Base  Plate,"  NASA,  TN  D 6317,  Jime  1972. 
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pitot  pressure  along  the  axis  of  symmetry  of  an  umlerexpanded  jet 
computed  using  the  method  of  characteristics^^.  The  closer-in 
measurements  X/D  < 2 are  affected  by  the  flow  through  the  projectile 
hole  and  are  lower  than  the  predicted  curve.  Since  the  data  are 
not  taken  on  the  axis  of  symmetry,  the  measured  pressures  should  be 
lower  than  comparable  axial  values.  Thus,  while  the  agreement 
between  the  two  plots  may  be  somewhat  fortuitous,  it  does  indicate 
that  after  an  initial  transient  period,  a quasi-steady  flow  is 
established  which  behaves  as  an  underexpanded  jet.  Donaldson  and 
Snedeker^^  measure  a similar  relation  between  pitot  and  plate  pressures 
in  a study  of  steady  jet  impingement.  They  interpret  the  pressure 
difference  as  due  to  the  greater  shock  standoff  which  is  associated 
with  the  plate  flow.  Since  the  measurements  indicate  the  rapid 
establishment  of  quasi-steady  flow,  it  is  of  interest  to  compare  the 
current  data  with  analytical  results. 

Smith^*^  presents  a theory  which  treats  the  muzzle  flow  field 
as  an  underexpanded  jet.  He  calculates  the  efficiency  of  a given 
muzzle  brake  by  assuming  that  the  momentum  of  the  propellant  gas  which 
would  have  passed  the  brake  location  (if  the  brake  were  not  present) 
is  transferred  to  the  brake.  This  permits  him  to  readily  account  for 
losses  due  to  the  proj.ectile  hole  and  the  flow  around  the  brake.  He 
also  uses  this  technique  to  compute  the  pressure  distribution  on 
brakes  with  flat  surfaces.  Since  the  current  brake  is  flat,  direct 
comparison  of  the  present  measurements  with  Smith's  predictions  is 
possible.  Figure  10.  While  not  exact,  the  agreement  is  reasonable, 

A portion  of  the  discrepancy  may  be  due  to  a difference  in  the  ratio 
of  specific  heats.  Smith  uses  y = 1.4;  the  propellant  gases  in  the 
current  tests  have  y = 1.25. 


•The  brake  #orce  may#o  ej^ressed^s 


F = / pdA 
A 


= / p 2Trr  dr. 


16.  A.  E.  Viaky  et  at,  "Comparison  of  Experimental  Free-Jet  Boundaries 
with  Theoretiaal  Results  Obtained  with  the  Method  of  Chax'ao- 
teristias, " NASA,  TN  D 2S27j  June  1964. 


17.  C.  D.  Donaldson  and  E.  S.  Snedeker^  "A  Study  of  Free  Jet  Impinge- 
ment. Part  I.  Mean  Properties  of  Free  atvd  Impinging  Jets," 

J.  F.  M.,  Vol.  45,  Part  2.,  1971,  pp.  281-319. 


The  integrand  of  this  expression  is  equivalent  to  the  incremental 
force  added  for  each  increase  in  brake  surface  radius.  The  integrand 
is  plotted  versus  brake  radius  in  Figure  11.  This  plot  clearly  shows 
the  largest  increments  of  brake  force  are  added  near  r/D  = 0.5,  i.e., 
the  bore  radius.  This  indicates  the  advantage  of  minimizing  the 
diameter  of  the  projectile  passage. 


IV.  CONCLUSIONS 

Pressure  measurements  are  taken  on  the  surface  of  a simplistic 
muzzle  brake  for  a 20mm  gun.  The  data  record  the  variation  of  pressure 
with  time  for  the  first  400  microseconds  after  shot  ejection.  Th’' 
results  indicate  that  after  an  initial  transient  pulse,  surface 
pressures  decay  to  steady  state  values  which  agree  well  with  analytical 
predictions.  During  the  transient  period,  surface  pressures  reach 
levels  considerably  in  excess  of  steady  state  values. 
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FIGURE  lb.  Schematic  of  Sabot  Deflector 
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FIGURE  2.  Muzzle  Flow  Field 
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FIGURE  4.  Schematic  of  Test  Set-up 
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FIGURE  5a.  Pressures  on  Muzzle  Brake  at  Various  Radial  Locations, 
[p  = (P“P„)/PJ.  for  X/D  = 0.5 
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FIGURE  5c.  Pressures  on  Muzzle  Brake  at  Various  Radial  Locations, 
[P  » (P-P„)/Pj.  for  X/D  * 1.5 


*100  0 100  200  300  400 

t (m-s) 

FIGURE  5d.  Pressures  on  Muzzle  Brake  at  Various  Radial  Locations, 
fP  = (P-P„)/Pj.  for  X/D  = 2.0 
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FIGURE  5e.  Pressures  on  Muzzle  Brake  at  Various  Radial  Locations, 
[P  - (P-P„)/PJ.  For  X/D  = 4.0 


FIGURE  5f.  Pressures  on  Muzzle  Brake  at  Various  Radial  Locations, 
[P  = (P-P„)/Pj.  for  X/D  - 6.0 
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FIGURE  6.  Spark  Shadowgraphs  of  Flow  over  Muzzle  Brake  Located 
at  X/D  = 6.0  (Continued) 
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FIGURE  7 


Maximum  and  Steady  State  Pressures  on  Muzzle  Brake 
Surface:  c.  X/D  = 1.5 
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FIGURE  7.  Maximum  and  Steady  State  Pressures  on  Muzzle  Brake 
Surface:  d.  X/D  ■ 2.0,  e.  X/D  ■ 4.0 
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FIGURE  9.  Comparison  of  Steady  Jet  Theory  with  Present  Data 
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FIGURE  10.  Comparison  of  Surface  Pressure  Distribution  with 
Theory  of  Smith 
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LIST  OF  SYMBOLS 


a speed  of  sound 

A area 

D diameter  of  projectile  (20mm) 

f 27r[(p-pJ/p^)]r/D 

F force  on  muzzle  brake 

h radial  distance  along  muzzle  brake  surface 

p pressure 

r radial  coordinate 

u axial  velocity 

X axial  coordinate 

9 angle  between  flow  velocity  vector  and  surface  normal 

of  muzzle  brake 

Subscripts 

m maximum  value 

s steady  state  value 

“ ambient  conditions 

1 conditions  in  propellant  gas  prior  to  shot  ejection 

Superscripts 

* sonic  conditions 
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1 Director 

Applied  Physics  Laboratory 
The  Johns  Hopkins  University 
Johns  Hopkins  Road 
Laurel,  MD  20810 

1 Massachusetts  Institute  of 
Technology 

Dept  of  Aeronautics  and 
Astronautics 
ATTN : Tech  Lib 

77  Massachusetts  Avenue 
Cambridge,  MA  02139 


1 Director 

Forrestal  Research  Center 
Princeton  University 
Princeton,  NJ  08540 

1 Forrestal  Campus  Library 
Princeton  University 
ATTN:  Dr.  M.  Summerfield 

P.  0.  Box  710 
Princeton,  NJ  08540 

1 Southwest  Research  Institute 
ATTN:  Mr.  Peter  S.  Westine 

P.  0.  Drawer  2S510 
8500  Culebra  Road 
San  Antonio,  TX  78228 
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1 Ohio  State  University 
Dept  of  Aeronautics  and 

Astronautical  Engineering 
ATTN : Tech  Lib 

Columbus,  OH  43210 

2 Polytechnic  Institute  of 

New  York  Graduate  Center 
ATTN : Tech  Lib 

Dr.  G.  Moretti 
Route  110 

Farmingdale,  NY  11735 


Marine  Corps  Ln  Ofc 
Dir,  USAMSAA 
Cmdr,  USA  CSL/EA 

ATTN:  A.  Flatau,  SAREA-DE-W 

Bldg.  E3516 
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